Abstract-A new family of metamaterial-inspired monopole antennas designed for GPS operation is reported. By adding a simple Split-Ring Resonator (SRR) into the near-field region of a monopole antenna resonating at 2.45 GHz, we have created a second resonance situated in the L1-band (f = 1, 537 for example) lower than the monopole's one. At this new resonance, the directivity of the structure was enhanced and its profile was reduced. Four SRR-configurations were considered depending on the orientation of the slot into the resonator. The structure was first optimized by adjusting the resonator size and the coupling distance between it and the monopole. Next, the directivity of the structure was improved by adjusting both the SRR-slot position and the coupling distance. Finally, the optimized structure in terms of size and directivity was realized and characterized.
INTRODUCTION
The rapid progress of wireless devices for communication has increased the requirement of efficient, low profile, light weight and low cost electrically small antennas (ESAs). To satisfy this trend, a variety of antennas have been engineered with metamaterials (MTMs) [1] and metamaterial-inspired constructs [2, 3] in order to improve their performances such as miniaturization [4] [5] [6] [7] , high efficiency [8] [9] [10] , enhanced bandwidth [11, 12] , high gain [13, 14] , and reconfigurability [15, 16] .
The concept of metamaterial-inspired antenna was proposed first in 2007 by Ziolkowski for the design of an efficient and electrically-small antenna system operating at multi-frequency bands [17] . This concept is based on the fact that the resistive and reactance antenna matching is achieved not with a metamaterial (spherical shell) medium but rather with an element such as an inclusion that has or could be used in a metamaterial unit cell design to realize an epsilon-negative (ENG), mu-negative (MNG), or double-negative (DNG) medium.
In fact, the added single metamaterial cell brings some complementary impedance to the principal (monopole) antenna to match the antenna at a lower frequency and then miniaturizes the structure size, to increase the efficiency, bandwidth . . . etc. Recently, it is shown that these structures are also capable to increase the directivity [18] [19] [20] .
In this paper, we use, as metamaterial cell, a simple Split-Ring Resonator (SRR) cell in which we change the position of the slot, which has an additional parameter for the control of the radiation pattern shape, and then the improvement of the directivity. Therefore, four configurations of the structure are considered corresponding to the four orientations of the slot.
Details of the structure design and simulated return loss are given in Section 2. In Section 3, we study the effect of the resonator dimensions and the coupling distance on the size of the antenna. Section 4 presents the effect of both the SRR-slot orientation and the coupling distance on the directivity of the structure. In Section 4, the impedance matching and radiation properties of the optimized structure are presented and compared to simulated results. Finally, Section 5 gives the main concluded results.
ANTENNAS DESIGN
As shown in Figure 1 , the proposed structure consists of both a monopole and a SRR printed on a Rogers Duroid TM 5880 substrate of thickness h = 0.8 mm and relative permittivity ε r = 2.2, and mounted orthogonally on a rectangular ground plane of dimensions 200 × 200 mm 2 .
The printed monopole of length L M and width W M is coupled electromagnetically with a rectangular SRR element of exterior dimensions L R × W R , width t and gap W g . The coupling distance between the monopole and the resonator is denoted d 1 , whereas the distance separating the ground plane to the lower edge of the SRR is d 2 . Details on the parameters design are given in Figure 2 (a) and Table 1 .
We have studied four antennas A1, A2, A3 and A4 by considering different configurations of the SRR cell depending on the slot location ( Figure 2) .
The design procedure starts with the optimization of the planar monopole length L M to adjust the resonant frequency of the monopole at F M = 2.45 GHz (see Figure 3 ). This goal was easily achieved by taking L M = 26 mm, which corresponds to a quarter-wavelength resonance (L M ≈ λ eff /4). λ eff is the effective wavelength in the propagating medium. Then, by adding a rectangular SRR element of 
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we have created a parasitic resonance at F R = 1.55 GHz which is lower than the monopole resonance F M . In fact, at frequencies lower than F M , the monopole is not resonating, but acting as a feed element for the SRR cell which resonates at the frequency F R (F R < F M ). The frequency F R of the SRR-cell corresponds to a half-wave length (λ eff /2) resonance with a resonant current path L res given by:
The dispersion relation is as follows [21] :
where
ε c is the permittivity of the conducting material (copper), and ω LC is the pulsation related LC circuit used to model the square resonator. Consequently, the resonance frequency F R can be approximated by:
where k is the wave number, c the velocity of light in free space, and ε eff the effective permittivity of the substrate (ε eff ≈ 1.3).
MINIATURIZATION OF THE STRUCTURE
It is shown in the previous section that the presence of an SRR element close to the monopole creates a new resonant frequency lower than the monopole one, which allows the miniaturization of the structure. In fact, two main parameters are controlling the frequency shift of F R towards lower frequencies: the size of the rectangular resonator (L R and W R ), and the coupling distance d 1 between the monopole and the resonator. In this section, these parameters are studied in order to achieve the lowest operating frequency, and then reduce the antenna size.
Effect of the SRR-size
The influence of the SRR-size on the lowest resonant frequency is investigated by studying the effects of the length L R and width W R of the resonator on the impedance matching of antenna A1 as shown in Figure 4 . Since the resonance F R is depending especially on the resonator size (see Eq. (2)) and not the slot position, we have limited our study to configuration A1.
The SRR-monopole spacing is fixed to d 1 = 4 mm. The parameters W R and L R are varied, but they still inferior to the monopole height L M in order to reduce the size of the structure.
We can notice from Figure 4 that by increasing the loop dimensions L R and W R , the resonant frequency F R shifts toward low frequencies allowing the reduction of the antenna size. This result can be justified directly by Formula (2). Hence, the lowest matched frequency (F R = 1.537 GHz) is obtained for the length L R = 25 mm and the width W R = 17 mm.
Effect of the Coupling Distance
After optimizing the resonator size, we have studied the effect of the distance separating the resonator from the monopole in order to decrease further the frequency F R and then decrease the structure size.
The coupling distance between the resonator and the monopole, and the slot position highly affect the monopole resonance F R . Figure 5 gives the simulated return loss of the antenna A1 for different values of the coupling distance d 1 . It is found that the distance d 1 = 4 mm gives the best impedance matching for the structure A1 (S 11 = −25.2 dB at F R = 1.537 GHz). In fact, at this frequency, the monopole brings capacitive impedance to the SRR which behaves as an inductive element.
The presence of the SRR element allows the compensation of the monopole reactive impedance for better impedance matching of the antenna.
We have also determined the optimum coupling distance giving the best impedance matching for the other configurations A2, A3 and A4. Figure 6 shows the evolution of the simulated return loss for all the configurations A1-A4 versus the frequency by taking, for each one, the optimum coupling distance d 1 . We can notice from Figure 6 and Table 2 that configurations A1 and A2 give the best impedance matching. However, configuration A2 is more compact than A1.
OPTIMIZATION OF THE DIRECTIVITY
The numerical analysis of the structure shows that the directivity is highly influenced by the SRR-slot orientation and coupling distance. These parameters are then studied and optimized in order to increase the antenna directivity. Figure 7 illustrates simulated surface current and 3D radiation patterns at the resonant frequencies F R for the configurations A1-A4.
Effect of the Slot Position
We can observe a directive radiation behavior for both antennas A1 and A3, where a directive beam toward the negative y-direction is reported for configuration A1, and toward the positive Y -direction for configuration A3. We can also notice that antenna A2 presents two radiation directions along the y-axis, whereas antenna A4 behaves as a monopole placed along the z-axis, with low directivity.
By analyzing the surface current distribution at the lower frequency F R , we can notice that maximum currents are localized basically in the resonator, which means that only the resonator is excited at this frequency.
Effect of the Coupling Distance
The directivity and the gain versus the coupling distance d 1 are shown in Figure 8 , for all the configurations A1-A4.
We can notice from Figure 8 that configurations A1 and A3 may produce a maximum directivity of 8.33 dB and 9.48 dB, respectively, which can be qualified as superdirectivity regarding the size of these antennas. Whereas for configurations A2 and A4, the directivity is much lower (5.5 for A2 and 6 dB for A4). Concerning the gain (dashed curves in Figure 8 ), it attains a maximum value for the distance d 1 opt (see Table 2 ) and then falls down rapidly. The reason for this gain drop is the mismatching of the antenna for distances different to d 1 opt (see Figure 6 ).
The antenna efficiency seems to be less dependent on the coupling distance than the gain. We can notice from Figure 8 that the efficiency also attains a maximum value for a certain coupling distance, which is different from d 1 opt , then decreases slowly, and becomes poor due to the high value of the return loss.
We should mention here that if the antennas are matched again by adding external matching circuits, the gain will be improved and even can attain the value of the directivity if the efficiency of the matching circuit is good. a is the radius of the smallest hemisphere enclosing the antenna, and k = 2π/λ res is the wave number in free space at the resonance frequency.
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Antenna A2 Antenna A4 Antenna A3 Figure 7 . Simulated surface currents and radiation patterns, at the frequency F R , of the proposed structure for all the configurations A1-A4. 
CHARACTERIZATION OF THE OPTIMIZED PROTOTYPE A1
After the optimization procedure of the resonator size, coupling distance and slot-orientation, we have realized the best structure in terms of compactness and directivity, which corresponds to configuration A1. The final prototype (L R = 25 mm, W R = 17 mm and d 1 = 4 mm) is shown in Figure 9 . The impedance matching of antenna A1 ( Figure 10 ) was investigated over the frequency range 1-3 GHz by using the network analyzer Agilent N5230A. From Figure 10 , We can notice a good agreement between simulation and measurements.
Measurements on the radiation patterns of antenna A1 were carried out in the anechoic chamber "SATIMO Stargate32" at the IETR Institute. Figure 11 illustrates simulated and measured radiation patterns in both (xz) and (yz) planes. We should mention here that the results correspond to the realized version (Figure 9 ), where the ground plane has finite size. Good agreement between numerical and experimental results is obtained especially for the yz plane. The maximum measured gain at d 1 = 4 mm is 4.28 dB, while the simulated gain is 6.8 dB (see Figure 8) .
The difference between simulation and measurement may be attributed to the finite size of the ground plane used for the antenna prototype.
CONCLUSION
In this work, a super directive metamaterial-inspired antenna is designed for GPS systems operating in L1-band. The structure is composed of printed monopole and SRR elements mounted orthogonally on a finite ground plane.
Four configurations (A1-A4) depending on the position of the SRR-slot are studied. It is found that the slot position and coupling distance are two main parameters for the optimization of the size and the directivity of the structure. For the optimized configuration denoted A1, we have obtained a good compactness (ka = 0.61) and directivity (8.88 dB) at the operating frequency 1.537 GHz.
